29 The resilience of regeneration in vertebrate tissues is not well understood. Yet 30 understanding how well tissues can regenerate after repeated insults, and identifying 31 any limitations, is an important step towards elucidating the underlying mechanisms of 32 tissue plasticity. This is particularly challenging in tissues such as the nervous system, 33 which contain a large number of terminally differentiated cells (i.e. neurons) and that 34 often exhibits limited regenerative potential in the first place. However, unlike mammals 35 that exhibit very little spinal cord regeneration, many non-mammalian vertebrate 36 species, including lampreys, fishes, amphibians and reptiles, regenerate their spinal 37 cords and functionally recover even after a complete spinal cord transection. It is well 38 established that lampreys undergo full functional recovery of swimming behaviors after 39 a single spinal cord transection, which is accompanied by tissue repair at the lesion as 40 well as axon and synapse regeneration. Here, using the lamprey model, we begin to 41 explore resilience of spinal cord regeneration after a second spinal re-transection. We 42 report that by all functional and anatomical measures tested, the lampreys regenerated 43 after spinal re-transection just as robustly as after single transections. Recovery of 44 swimming behaviors, axon regeneration, synapse and cytoskeletal distributions, and 45 neuronal survival were nearly identical after a single spinal transection or a repeated 46 transection. Thus, regenerative potential in the lamprey spinal cord is largely unaffected 47 by spinal re-transection, indicating a greater persistent regenerative potential than exists 48 in some other highly-regenerative models. These findings establish a new path for 49 uncovering pro-regenerative targets that could be deployed in non-regenerative 50 conditions.
167
For a subset of experiments, bulk anterograde labeling of regenerated axons was 168 performed in transected (n=14) and re-transected (n=7) spinal cords, as previously 169 described . Axons were labeled with a fluorescent dye (5 mM Alexa 170 Fluor® 488-conjugated dextran; 10 kDa; Thermo Fisher, Inc.), diluted in lamprey 171 internal solution (180 mM KCl, 10 mM HEPES, pH 7.4) via a 1x1x1 mm piece of 172 Gelfoam (Pfizer; New York, NY), which was applied 5 mm rostral to the lesion site.
173 After application, the dye was allowed to transport for 3-6 days before harvesting the 177 Maximum intensity projections of the spinal cords, ranging from ~1 mm proximal to 5
178 mm distal to the lesion, were generated using the Zeiss LSM software. After stitching 179 the projections together in Adobe Photoshop, the number of labeled, regenerated axons 180 was counted at 1 mm intervals starting from the center of the lesion. Graphing and 181 statistical analyses were conducted using GraphPad Prism 6.0c (GraphPad Software; The goal of this study was to determine the extent to which lampreys can 255 functionally recover and regenerate their spinal cord structures after a repeated 256 transection. We thus began by observing their behavioral recovery after two successive 257 spinal transections. First, the lampreys were spinally transected at the level of the 5 th 258 gill, after which they were allowed to recover for 11 weeks post-injury (wpi). At 1 wpi, 259 the lampreys were paralyzed below the lesion site, and only head movements were 260 observed ( Fig. 1A) . At 3 wpi, the lampreys regained their ability to swim but displayed 261 abnormal movements such as rapid head oscillations, abnormal body contractions, and 262 shallow sinusoidal waves ( Fig. 1A) . Once the lampreys reached 11 wpi, they exhibited 263 normal sinusoidal swimming movements ( Fig. 1A ). After this initial recovery period, 274 recovered to ~90% of normal levels by 11 wpi (Fig. 1C ). The recovery curve was well fit 275 by an exponential process that reached a half maximum (t 1/2 ) at 2.6 ± 0.2 wpi (R 2 = 276 0.78, n=18 lampreys), which was similar to previous reports ( 415 produced fairly uniform, punctate staining throughout the neuropil (Fig. 4D; Fig. 5D ). 419 while the density of synapses within the lesion site was markedly decreased, as 420 previously reported ( Fig. 4E ) . A similar loss of SV2 labeling 421 around the lesion site was also seen within the spinal cords of re-transected animals 422 ( Fig. 4F ). Higher magnification imaging further revealed SV2 expression at the rostral-423 lesion border within transected and re-transected spinal cords ( Fig. 5E-F) .
424
Additionally, spinal cord sections were immunostained for -tubulin and 425 phalloidin, which label microtubules and filamentous actin, respectively. The tubulin 426 antibody was a mouse monoclonal that recognized a single band in both rat brain and 427 lamprey CNS lysates at ~50 kDa, which is the expected molecular weight for tubulin 428 (Suppl. Fig. 1 ). The -tubulin and phalloidin labeling were robust and uniform 429 throughout the control spinal cords (Fig. 4G, J) , and they revealed web-like structures 430 throughout the neuropil, which are likely to be the intertwining processes of intraspinal 431 neurons and glial cells (Fig. 5G, J) . Similar distributions and labeling patterns were Discussion 581 We report here that the regenerative capacity within the lamprey spinal cord 582 appears to be largely unaltered after two successive transections at the same lesion 583 plane. Behavioral recovery (Fig. 1) , tissue repair (Fig. 2) , axon regeneration ( Fig. 3-4 , 584 6), synapse and cytoskeletal distributions ( Fig. 4-5 ), and cell survival ( Fig. 6-7) were 585 nearly identical after recovery from both the first and second spinal transections.
586 Similarly, in axolotls, the area of tail tissue that regenerates after a second amputation is 587 on average the same as after the first amputation, though differences between sexes 
